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Abstract
The Augmented Space Formalism coupled with Recursion method and Density
Functional Theory based Tight-Binding Linear Muffin-Tin Orbitals have been ap-
plied for a first principles calculation of surface electronic and magnetic properties
of body centered cubic Fe(001) and face centered cubic Co(001) and Ni(001). Nine
atomic layers have been studied to see the trend of change in these properties from
surface into the bulk. Surface magnetic moment has been found to be higher than
that of the bulk and in different layers below, magnetic moments show Friedel oscil-
lations in agreement with other studies. Work functions of these systems have been
found to agree with experimental values. We propose this real space technique to
be suitable for the study of localized physical properties like surface layers and it is
also suitable for the study rough surfaces and interfaces.
Keywords: DFT, TB-LMTO, ASR, Surface, Magnetic Property and Electronic Prop-
erty
1 Introduction
Itinerant Fermi electrons are responsible for the magnetic ordering in transition metals.
The main contribution to magnetism in transition metals comes from the d-orbital valence
electrons. These properties are strongly influenced the by local environment like surfaces
and interfaces. Surface magnetic properties are quite different from those in the bulk.
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At the surface the co-ordination number and symmetry decrease. Magnetic moment get
enhanced at the surface compared to its bulk value [1–14]. Since magnetic properties
depend on detailed electronic structure, atomic arrangement and the composition, there-
fore it is necessary to investigate detailed electronic structure of a surface to understand
the surface effects on magnetic properties. It is known [5, 9, 12, 15] that enhancement of
surface magnetism arises because of band narrowing at the surface due to decrease in the
coordination number and symmetry. As we go down into the bulk from the topmost layer,
density of states and magnetic moment approach their bulk values. The contribution of
s- and p-orbital is negligible in these materials.
Number of computational methods like FPLAPW [3–8], LMTO [9, 10], TB-LMTO
Green’s function method [11, 12], TB-LMTO supercell calculation [1, 13], TB-LMTO re-
cursion method [2] and LCAO method [14,16] have been adopted for the study of surface
magnetism. All these methods except TB-LMTO recursion method are ~k-space meth-
ods. Therefore they are applicable only in cases where periodicity is maintained. A real
space method can also be applied to cases where periodicity breaks down. At a surface,
periodicity breaks down in the perpendicular direction. All the ~k-space methods are still
applicable to a surface as long as we embed the surface in a super-cell, with a layer of
vacuum and it maintains periodicity in 2-dimensions. But a surface and an interface are
often rough. Roughness of a surface is created due to vacancy defects at surface layers
while a layer is formed during an epitaxial growth on a substrate. Similarly due to dif-
fusion of surface atoms into the substrate and vice versa, a rough interface is formed.
Therefore, a surface and an interface can be treated as disordered systems.
For more accurate calculations of physical properties at a surface it is also necessary
to take into account charge leakage into the vacuum. This is in general carried out by
considering one or more layers of empty sphere above the surface. This consideration also
breaks the periodicity in perpendicular direction. In such cases a real space techniques
are more appropriate in dealing with such disorder at the surface.
Augmented Space Formalism (ASF) [17,18], introduced originally for the study of bi-
nary alloys is extended to deal with a rough surfaces [13]. Therefore we have coupled ASF
with the recursion method [19], (ASR) [20, 21] to study surface magnetism. Therefore,
ASF with recursion method is a good tool to study the localized properties of disordered
systems considering all the configurations. But recursion works on a localized basis so
it can be combined with TB-LMTO [22] formalism. We have applied this method here
and considered only smooth surface. In our subsequent works we shall include cases of
roughnes at various layers of a surface and interfaces between magnetic surface and matal
subtrate.
We have taken two layers of empty spheres on top of the nine layers of Fe, Co as well as
Ni to take care of charge leakage. Because of reduced co-ordination number at the surface,
surface atoms are weakly bound as compared to those in the bulk and so the interatomic
separation is expected to be slightly different from its bulk. Therefore lattice relaxation
is necessary. In a previous TB-LMTO-ASR calculation for Fe (001) surface [13], surface
dilatation was carried out. In this communication we consider lattice relaxation of surface
layers.
Since work function is an important quantity characterizing a surface which is also
often measured experimentally, therefore its calculation is important for comparison with
experimental value. The experimental measurement of surface magnetic moment is not
available for most of the conductors for comparison with calculated value. Our calculated
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work functions agree quite well with experimental values [23].
2 Computational Methods
ASF [17, 18] deals with configuration averaging of the random variables on the same
footing as quantum mechanical averaging by augmenting the Hilbert space spanned by the
wavefunctions with a disorder or configuration space spanned by the different realizations
of the random Hamiltonian. In the recursion method successive recursions of any initial
vector |u0〉 on the Hamiltonian gives new bases { |un〉} which are mutually orthogonal to
each other. The recurrence relation is given by,
H|un〉 = an|un〉+ bn+1|un+1〉+ bn|un−1〉
where, an and bn are the recursion coefficients which are the matrix elements of the
tri-diagonal matrix in the new representation. In this basis, the resolvent (zI −H)−1 can
be written in the form of a continued fraction. The continued fraction is terminated after
a finite number of steps using a suitable terminator. We have used the Luchini and Nex
terminator [24] in our work.
But recursion works on a localized basis. Therefore a localized basis like TB-LMTO is
quite suitable. Hence it is combined with TB-LMTO formalism. The full ASF hamiltonian
in TB-LMTO basis [20] is given by,
HαRL,R′L′ = CˆRLδRR′δLL′ + △ˆRLS
α
RL,R′L′△ˆR′L′
CˆRL = C
A
RLnR + C
B
RL(1− nR)
△ˆRL = △
A
RLnR +△
B
RL(1− nR)
Here R is the lattice sites and L = (lm) are the orbitals indices. For transition metal l < 2.
CARL, C
B
RL, △
A
RL and △
B
RL are the TB-LMTO potential parameters of the constituents A
and B of the alloy. nR are the local site occupation variables which randomly takes value
1 and 0 according to whether the site is occupied by an A atom or not. Combining these
three method, the effective hamiltonian is derived, which is used to carry out the surface
properties. From the effective hamiltonian, local density of states and local magnetic
moment are calculated. When both types of atoms in a binary alloy are taken of identical
types, a substitutional disordered system approaches to an ordered system. Therefore
ASF can be applied to a smooth surface if we take surface atom in place of empty sphere
also in the ASF formalism. We have adopted this procedure in the present case for our
smooth surface.
We have chosen nine layers of bcc Fe(001), fcc Co(001) and fcc Ni(001). On top
of these, we have introduced two layers of empty spheres which contain charge but no
atoms. This empty spheres will take care of the charge leakage into the vacuum. The
potential parameters are generated from TB-LMTO within local spin density approxima-
tion (LSDA) using Barth and Hedin exchange correlation potential. Wave equations are
solved by the scalar-relativistic calculations. The lattice relaxation for top most layer in
three system is carried out by minimizing the total energy. It is found that for bcc Fe(001)
the lattice relaxation is 5%. The relaxations obtained for fcc Co(001) and fcc Ni(001) are
respectively 16% and 9%. We have used seven shell augmented space calculation and nine
steps of recursion.
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3 Results and Discussions
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Figure 1: Comparison of total density of states for bulk and surface (top most layer).
Vertical line at zero shows fermi level.
As discussed earlier in the introduction that energy bands of the surface states near
Fermi level get narrower due to weakening of interaction by symmetry breaking and
reduction in co-ordination number. This is indeed observed in the figure 1 of the total
density of states for all the three systems. Similar picture arise in the spin resolved DOS
as shown in the figure 2. Apart from narrowing of band there is change in number of
spin-up surface states compared to the bulk states at the Fermi level. The amount of
change is maximum in the case of Fe(001) and negligible in the case of Ni(001). But
in all the three cases, there is significant change in the spin-down states. The splitting
of spin-up and spin-down states near Fermi level is maximum for Fe(001) and least for
Ni(001). This is expected because magnetic moment of Fe is maximum and it is least for
Ni. The magnetic moment is directly related to the amount of splitting in spin up and
spin down states.
It is expected that Fermi energy of the surface electrons is lower compared to the bulk.
This is because of leakage of surface charge to the vacuum. Due to charge leakage, the
electron density decreases. Hence the total surface electronic energy as well as the repul-
sion between surface atoms is also reduced compared to the bulk. This causes decrement
in fermi energy at the surface. This energy is found to be -0.13 Ry for Fe(001). But after
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Figure 2: Comparison of spin resolved density of states for bulk and surface (top most
layer). Vertical line at zero shows fermi level.
five layers, it is -0.07 Ry which is closed to the bulk value(-0.08 Ry). Similarly the energy
at the surface of Co(001) is -0.27 Ry and after four layers it is -0.06 Ry, which is again
closed to the bulk value (-0.08 Ry). For Ni(001), they are respectively -0.24 Ry and -0.08
Ry after four layers, which is closed to bulk value(-0.09 Ry). The bulk fermi energies are
calculated directly from TB-LMTO method [22].
The layer based total DOS, shown in the figure 3 indicates that DOS approaches
the bulk value from 5th layer down the top most layer in the case of Fe(001) where as
it approaches to the bulk from 4th layer in the other two, Co(001) and Ni(001), cases.
Therefore surface properties approach to the bulk properties after four layers down in the
case of Fe(001) and after three layers in the cases of Co(001) and Ni(001).
In transition metals, d-electrons contributes mainly to the formation of bands. There-
fore, any surface effects must be reflected into d-band. This is evident from the figure
4, the orbital resolved DOS. The narrowing of d-band is due to the dehybridization of
s-, p-, and d-electrons [15]. It is clear that for surface as well as for bulk, the DOS of s-
and p-orbitals are negligible but that of d-orbitals is significant. Hence d-electrons give
significant contribution towards the magnetic moment than that of s- and p-orbitals. This
is expected. Because of narrowing of peaks, states are more localized and peak height is
more.
The orbital resolved layer based magnetic moment of different layers and the bulk,
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Figure 3: Comparison of layer based local DOS for the surface (S), sub-surfaces (S-1, S-2,
S-3, S-4, S-5) and bulk (B).(left) Fe (centre) Co (right) Ni.
Table 1: Orbital resolved magnetic moment for surface (S), sub-surfaces (S-1, S-2, S-3,
S-4) and bulk (B) in µB/atom.
Fe(001) Co(001) Ni(001)
Layers
s p d Total s p d Total s p d Total
S 0.01 0.02 2.79 2.82 -0.01 0.02 1.83 1.84 -0.01 0.0 0.70 0.69
S-1 -0.02 -0.03 2.13 2.08 -0.01 -0.03 1.49 1.45 -0.01 -0.01 0.60 0.58
S-2 -0.03 -0.06 2.06 1.97 -0.01 -0.04 1.79 1.74 0.0 -0.02 0.62 0.60
S-3 -0.02 -0.04 2.70 2.64 -0.01 -0.06 1.66 1.59 0.0 -0.02 0.56 0.54
S-4 -0.01 -0.06 2.43 2.36
S-5/B -0.02 -0.06 2.25 2.17
-0.02 -0.06 1.62 1.54 -0.01 -0.02 0.55 0.52
tabulated in table 1, shows magnetic moment approaches to the bulk value from 5th layer
down in case of Fe(001) and from 4th layer in the other two cases as expected from DOS
result. Magnetic moments for different layers exhibit Friedel oscillation. This is also shown
in the figure 5, layer based percentage change in magnetic moment compared to the bulk
value. Figure 5 further shows that the enhancement of surface magnetic moment is same
for Fe(001) and Ni(001) but it is less for Co(001). Table 1 also shows that d-electrons
contribute most to the magnetic moment compared to s and p electrons as expected form
DOS. Figure 2 shows that at the Fermi level, difference between surface spin-up DOS
and that of bulk is very small for Fe(001) and Co(001) and negligible for Ni(001). But
there is significant difference between spin-down surface DOS and that of bulk DOS. This
shows spin-down states are mainly responsible for the enhancement of magnetic moment
at the surface. In all the three cases, the contribution of s- and p-orbital is comparable
to TB-LMTO Green’s function method [11].
For comparison we have summarized our results of magnetic moments along with
other available calculated and experimental values in table 2. Table 2 shows that the
enhancement of surface magnetic moment compared to the bulk is 30% for Fe(001), 19%
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Figure 4: Orbital resolved DOS: surface : (a), (c) & (e) and bulk : (b), (d) & (f)
for Co(001) and 32% for Ni(001). Our result of bulk magnetic moment for Fe is within
5% difference from experimental value [25, 26]. Since enhancement of surface magnetic
moment is less for Co(001) than the other two, therefore it is more stable to the change
in the environment.
Experimental values of local magnetic moment, like surface layer and layers below are
not available for comparison. It is only the bulk magnetic moment for which experimen-
tal result is available. Work function is a surface property and is related to the surface
DOS. It is an experimentally measurable quantity and therefore theoretical calculation of
it is necessary for comparison with experimental result to test the accuracy of theoretical
study. Table 3 shows our calculated work functions for all the systems under consideration
agree quite well with experimental and other theoretical calculations.
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Fe(001) Co(001) Ni(001)
Methods
S S-1 S-2 C/B S S-1 S-2 S-3 S-4/B S S-1 S-2 S-3 S-4/B
2.98 2.35 2.39 2.20 1.86 1.64 1.65 1.64 1.65 0.68 0.56
[3–5] [3] [3] [3] [7] [7] [7] [7] [7] [4] [4]
FP- 2.80 2.38 2.43 2.15 0.73 0.68 0.66 0.63
LAPW [6] [5] [5] [4] [5] [5] [5] [5]
2.30 0.68 0.60 0.59 0.56
[5] [8] [8] [8] [8]
LMTO 2.87 2.34 2.33 2.18 0.59 0.58 0.57 0.55
[9, 10] [9, 10] [9, 10] [9, 10] [9, 10] [9, 10] [9, 10] [9, 10]
2.97 2.30 2.37 2.24 1.84 1.63 1.66 1.64 0.69 0.64 0.66 0.64
[11] [11] [11] [11] [11] [11] [11] [11] [11] [11] [11] [11]
2.97 2.30 2.37 2.25 1.84 1.63 1.66 1.65 1.66 0.69 0.64 0.66 0.64 0.65
[12] [12] [12] [12] [12] [12] [12] [12] [12] [12] [12] [12] [12] [12]
TB- 2.86 2.16 2.38 2.17 1.76 1.46 1.58 1.56 1.58 0.65 0.53 0.61 0.60 0.59
LMTO [13] [13] [13] [13] [2] [2] [2] [2] [2] [2] [2] [2] [2] [2]
2.98 2.17 2.40 2.26
[1] [1] [1] [1]
2.95 2.20 2.39 2.28
[2] [2] [2] [2]
2.99 2.21 2.38 2.26
[1] [1] [1] [1]
LCAO 3.01 1.69 2.13 1.84 0.44 0.58 0.62 0.56 0.54
[14] [14] [14] [14] [16] [16] [16] [16] [16]
ASR 2.99 2.17 2.38 2.27
[13] [13] [13] [13]
2.21 1.71 0.616
EXPT [25] [26] [25]
2.22
[26]
OUR 2.82 2.08 1.97 2.17 1.84 1.45 1.74 1.59 1.54 0.69 0.58 0.60 0.54 0.52
WORK
Table 2: Comparision of magnetic moment in µB/atom for surface (S), sub-surfaces (S-1,
S-2, S-3) and central layer or bulk (C/B). Number in the square brackets represents the
reference numbers. Note that, Refs [8, 11, 12] use Green’s function techniques; Ref [13]
is with TB-LMTO including surface dilatation; Refs [1, 13] are Supercell calculation;
Refs [1, 2] use Real space recursion.
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Figure 5: Percentage variation of magnetic moment with respect to the bulk value for
different layers
Table 3: Work functions of Fe(001), Co(001) and Ni(001) in eV. Number in the square
brackets represents the reference numbers.
Methods Fe (001) Co(001) Ni(001)
FPLAPW 4.29 [3] 5.17 [7] 5.37 [8], 5.5 [15],5.31 [27]
LAPW 5.71 [28]
LMTO 4.30 [10] 5.02 [10]
TB-LMTO 4.5 [11] 5.52 [11] 5.75 [11]
Experimental 4.67 [23], 4.4 [29] 5.0 [23] 5.22 [23]
Our work 4.08 5.30 4.76
[11]: with Green’s function.
[15], [27], [28]: with surface embedded Green’s function.
4 Conclusion
Augmented space formalism coupled with recursion method & TB-LMTO is applied for
the calculation of layer dependent density of states and magnetic moment for bcc Fe(001),
fcc Co(001) and fcc Ni(001). It is found that the magnetic moment get enhanced at the
surface compared to the bulk value by 30%, 19% and 32% for Fe(001), Co(001) and Ni(001)
respectively. Layer wise magnetic moments show Friedel oscillations. This observation
and calculated magnetic moments agree well with the available experimental result and
other calculations. The enhancement of surface magnetic moment is due to narrowing
down of d-band, which support earlier studies. It is observed that bulk magnetic moment
is attained at the 5th layer down the top most surface layer in the case of Fe(001) and at
the 4th layer in the cases of Co(001) and Ni(001). The calculated work function is 4.08
eV, 5.30 eV and 4.76 eV for Fe(001), Co(001) and Ni(001) respectively. These values are
closed to the available experimental and other calculated results.
Since Augmented Space Recursion method is real space technique, therefore it is not only
9
suitable for the study of local properties like surface and different layers, it can also be
applied to cases where surface is rough and interface layers between any substrate and a
film which are normally disordered due to inter diffusion.
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